Adrenodoxin reductase is a mitochondrial flavoprotein that receives electrons from NADPH, thus initiating the electron-transport chain serving mitochondrial cytochromes P450. We have cloned and sequenced two human adrenodoxin reductase cDNAs that differ by the presence of six additional codons in the middle of one clone. The sequence in this region indicates that these six extra codons arise by alternative splicing of the pre-mRNA. Southern blot hybridization patterns of human genomic DNA cut with four restriction enzymes indicate that the human genome has only one gene for adrenodoxin reductase. Analysis of a panel of mousehuman somatic cell hybrids localized this gene to chromosome 17cen--q25. The alternatively spliced mRNA containing the six extra codons represents 10-20% of all adrenodoxin reductase mRNA. The expression of the adrenodoxin reductase gene may be stimulated by pituitary tropic hormones acting through cAMP, but its response is quantitatively much less than the responses of P450scc and adrenodoxin.
The first and rate-limiting step in the synthesis of all steroid hormones is the conversion ofcholesterol to pregnenolone by a mitochondrial cytochrome termed P450scc. This cytochrome binds cholesterol and mediates three separate reactions on a single active site: 20-hydroxylation, 22-hydroxylation, and scission ofthe cholesterol side chain. Each ofthese reactions requires a pair of electrons. The electrons are transferred from NADPH to the flavoprotein adrenodoxin reductase and thence to the iron-sulfur protein adrenodoxin, which then donates them to the P450scc (1). This same electron-transport system donates electrons to another steroidogenic enzyme, P450c11 (2) , to renal vitamin D lahydroxylase (3) , and to hepatic 26-hydroxylase (4) . The microsomal steroidogenic enzymes P450c17 (17a-hydroxylase/17,20-lyase) (5, 6) , P450c21 (21-hydroxylase) (7, 8) , and P450aro (aromatase) (9) employ a different flavoprotein to transfer electrons from NADPH.
Despite this intimate functional organization, the genes encoding these three components differ greatly in structure, location, and regulation. Human P450scc is encoded by a single gene on chromosome 15 (10) , and its mRNA readily accumulates in human fetal adrenal cells stimulated with cAMP or corticotropin (11, 12) or in human testicular or ovarian granulosa cells stimulated with cAMP or gonadotropins (12) (13) (14) . Adrenodoxin is encoded by a single functional gene on chromosome llql3-+qter (15) that encodes several mRNAs differing in the lengths of their 3' untranslated regions (16) . This mRNA also accumulates in steroidogenic tissues stimulated with cAMP or tropic hormones (17) . However, unlike P450scc mRNA, the half-life of adrenodoxin mRNA appears to be regulated posttranscriptionally (16, 18) . The structure of these and other steroidogenic genes and their disease-causing lesions have been reviewed recently (19, 20) .
Much less is known about adrenodoxin reductase. The recent cloning of partial-length bovine adrenodoxin reductase cDNA (21) has now permitted us to clone the full-length human cDNA11 so that all three components of the P450scc system may be studied. Adrenodoxin reductase is encoded by a single gene on the long arm of chromosome 17. This gene encodes two species of mRNA that apparently arise by alternative processing of the primary transcript. The accumulation of neither of these mRNAs is greatly stimulated by gonadotropins or cAMP in cultured human granulosa cells.
MATERIALS AND METHODS
The human adrenal and testicular cDNA libraries (5) were screened with the 1.6-kilobase (kb) bovine adrenodoxin reductase cDNA fragment isolated from plasmid pAR (21) by EcoRI cleavage and gel electrophoresis. The DNA was labeled to >108 cpm/,ug by random-primer labeling (15) and used to screen the libraries under low-stringency conditions [5 x SCC (1 x SCC = 0.15 M NaCl/0.015 M sodium citrate)/ 20% (vol/vol) formamide/denatured salmon sperm DNA (100 ,g/ml)/0.1% polyvinylpyrrolidone/0.1% Ficoll/0.1% bovine serum albumin at 37°C] as described (5) . Clones positive on duplicate screening were purified on DEAE-cellulose (22) and sequenced in phage M13 vectors as described (5, 10, 16) or by supercoiled DNA sequencing in pUC plasmids (23) . The 30-base oligodeoxynucleotide 3'-GACC-TCCGGGAGGAAAACACGGTCTCTTGC-5' complementary to the codons for amino acids 202-211, including the alternatively spliced region of the mRNA, was prepared on a commercial DNA synthesizer, end-labeled by use of [y_32p]_ ATP, and used to probe the primary screening of both libraries in 6 x SCC at 37°C as described (7) .
DNA was isolated from human lymphocytes and from mouse-human somatic cell hybrids, cleaved with restriction endonucleases, and analyzed as described (10, 15) .
Human granulosa cells were prepared and cultured with or without hormonal stimuli (13) and used as a source of RNA for gel-transfer hybridization analysis (11, 12 (24) hybridization with the bovine probe, thus identifying the pool containing the longest adrenodoxin reductase cDNA insert (5). These three clones were then analyzed in the same fashion individually, and the one containing the longest insert, AhaAR-1, was plaque-purified. Sequencing of this cDNA in phage M13 showed that it was about 1600 base pairs long, lacking about 200 bases from the 5' end (Fig. 1) . We therefore cloned the 272-base fragment from the 5' EcoRI cloning linker to a Sma I site and used this to screen a human testis cDNA library, identifying 97 clones. These were screened by identifying the one bearing the longest EcoRI-Sma I fragment that hybridized to the adrenal 272-base EcoRI-Sma I fragment. The longest fragment detected was slightly less than 500 bases and was included in a 1.8-kb cDNA. This clone, designated AhtAR-1, appeared to be full-length and was sequenced in its entirety by supercoil and M13 sequencing.
Sequence of Human Adrenodoxin Reductase cDNA Clones. The nucleotide sequence and encoded amino acid sequence of the adrenal clone AhaAR-1 corresponded very well with the sequence of the bovine adrenal clone pAR used as the initial probe (I.H. and T. Gutfinger, unpublished data). This nucleotide sequence also corresponded well with a preliminary report of a full-length bovine adrenodoxin reductase cDNA (25) . The sequence of our adrenal clone AhaAR-1 was confirmed by the sequence of the testicular clone AhtAR-1. That testicular cDNA corresponds to the complete coding sequence, the complete 3' untranslated sequence, and 20 bases of the 5' untranslated region, a total of 1829 bases excluding the poly(A) region (Fig. 2) .
The most notable feature of the AhtAR-1 sequence is the presence of 18 additional nucleotides encoding 6 amino acids not found in the human adrenal clone. This extra region, encoding amino acids 204-209 in Fig. 2 , contains an abundance of pyrimidines and ends with CAG (encoding Gln-209). Since pyrimidine-rich sequences ending with CAG constitute the canonical 3' splice donor sites of eukaryotic introns (26) we propose that the presence or absence of these 18 extra nucleotides is based on the alternative use of potential 3' donor sites during the splicing of intronic RNA in this region.
Frequency of Alternative Splicing in Human Adrenodoxin
Reductase. We sequenced one cDNA from adrenal and one from testis and found two alternatively spliced sequences. To determine whether this splicing might be tissue-specific, we synthesized a 30-base oligonucleotide corresponding to the complement of the mRNA in this region and used this to reprobe the plaque "lifts" from the primary screenings of both the adrenal and testis cDNA libraries. The adrenal library contained 2 clones that hybridized to the 30-mer, whereas the testicular library contained 18. Thus, both tissues contained this alternatively spliced form of adrenodoxin reductase mRNA.
To determine the frequency with which this alternative splicing event occurs, we needed to know the number of adrenodoxin reductase cDNA clones lacking this 18-base region. Since the region is about 1150 bases from the poly(A)-addition site, and since the libraries might contain partial-length cDNA clones not extending to this region, we could not compare the number hybridizing to the 30-mer to the total number of positives initially identified with pAR. Therefore, we reprobed the plaque lifts from the primary screening with a 188-base-pair Rsa I-Rsa I fragment encompassing the 18-base region (extending from codon 160 to codon 220, Figs. 1 and 2 ). This probe identified 23 (Fig. 4) .
Hormonal Regulation of Adrenodoxin Reductase. Human granulosa cells, if cultured in vitro for 8-12 days and then stimulated with gonadotropins or cAMP, will accumulate mRNAs for both P450scc and adrenodoxin (12-14, 16, 17) . Transfer blots of human granulosa cell RNA probed with AhaAR-1, however, showed that the same protocol of culture and hormonal stimulation has little effect on the abundance of adrenodoxin reductase mRNA (Fig. 5) Sequence of AhtAR-1 cDNA. The downward-pointing arrowhead between amino acids 32 and 33 indicates the cleavage site of the enzyme precursor as it traverses the mitochondrial membrane. The upward pointing arrowhead between the second and third bases of codon 65 (Val) indicates the 5' limit of AhaAR-1 cDNA. Three nucleotide differences between AhtAR-1 and AhaAR-1 are indicated below the sequence, a C-to-A transversion near the end ofthe 3' untranslated region, a G-to-A transition in codon 327, and an A-to-G transition in codon 123, changing Glu to Arg. The presence of this allelic variation was proven experimentally; AhtAR-1 could be cleaved with Pst I at this location but AhaAR-1 could not, since the A-to-G transition eliminates this site.
DISCUSSION
doxin (15) , and now, adrenodoxin reductase. Despite this genetic simplicity, the P450scc system is differentially reguThe cloning of human adrenodoxin reductase cDNA now lated in the adrenal by corticotropin, acting through cAMP, completes our genetic knowledge of the human cholesterol and angiotensin II, acting through calcium (27 Table 1 ).
gests the possibility of yet another level of control of the cholesterol side-chain-cleavage system.
Both alternatively spliced forms of adrenodoxin reductase mRNA were found in the testis, which has only a single steroidogenic mitochondrial P450 enzyme, P450scc. Thus, it Table 1 Correlation of human chromosomes in hybrid cell lines and hybridization patterns (29) . In addition to these two mechanisms, evidence is accumulating rapidly that the abundance of adrenodoxin mRNA is regulated posttranscriptionally by changes in mRNA half-life (16, 18) . Our finding of alternative splicing of the mRNA encoding adrenodoxin reductase suggests that yet another class of regulation is involved in this crucial biological system.
